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METHODS AND DEVICES FOR SEPARATING PARTICLES IN A LIQUID FLOW 

JC17 Rec'd PC7/PT0 16 SEP 2005 

The present invention relates to methods for the separation of 
5 particles in a fluiciic microsystem, especially under the action 
of electrophoresis, and to fluidic microsystems set up to per- 
form such methods . 



The separation of microobjects such as, e.g., particles with a 
10 natural or synthetic origin or molecules in fluidic microsys- 
tems under the action of electrically or magnetically induced 
forces is becoming increasingly more significant in biomedical 
and chemical analytical technology. Two conventional separat- 
ing principles that differ basically according to the type of , 
15 electrical separating forces are schematically illustrated in 
figures 10A, B. 

Figure 10A schematically shows the separation by means of nega- 
tive dielectrophoresis (see, e.g., DE 198 59 459). Particles 

20 with different dielectric properties flow in a fluidic micro- 
system 100' through a first channel 30' . A field barrier ex- 
tending transversely over channel 30' is generated with elec- 
trode arrangement 40' by subjecting it to high-frequency elec- 
trical fields which barrier is permeable or acts in a laterally 

25 deflecting manner in cooperation with the flow forces as a 

function of the dielectric properties of the particles. Parti- 
cles 22' with a permittivity (or conductivity) that is low in 
comparison to the medium are deflected into adjacent channel 
30A' whereas particles 21' with a higher permittivity (or con- 

30 ductivity) flow further in channel 30' . Since the dielectro- 
phoresis is a function of the particle size (see T. Schnelle et 
al. in "Naturwissenschaften", vol. 83, 1996, pp. 172-176), a 
separation of the particles in accordance with their size can 
take place even given the same dielectric properties. The con- 
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ventional dielectrophoretic particle separation can have disad- 
vantages as concerns the reliability of the separation, in par- 
ticular in the case of particles with similar permittivities, 
and as concerns the complexity of the channel design. The re- 
.5 liability of the separation can be limited, in particular in 
the separation of biological cells of the same type into dif- 
ferent subtypes (e.g., macrophages, T lymphocytes, B lympho- 
cytes) . 

10 Another problem that has been solved only in a limited fashion 
in the conventional dielectrophoretic separation of particles 
can be given by the occurrence of undesired cell components in 
biological suspension specimens. Cell components can fre- 
quently not be distinguished from complete cells solely by 

15 their dielectrophoretic properties. Furthermore, they can re- 
sult in microsystems in undesired accumulations and channel 
constrictions and in cloggings strong enough to cause system 
failure. Finally, undesired cell components can also have a 
disturbing effect on measurements of cells such as, e.g., on a 

20 patch-clamp measurement. There is therefore interest in an im- 
proved process for purifying suspension specimens that has a 
greater reliability than the dielectrophoretic separation of 
particles . 

25 Figure 10B illustrates an electrophoretic separation of parti- 
cles, e.g., molecules in a microstructured channel (see T. 
Pfohl et al. in "Physik Journal", vol. 2, 2003, pp. 35-40). 
Electrodes 41', 42 1 , are arranged on the ends of channel 30 1 
formed with alternating broad and narrow sections, which elec- 

30 trodes form an electrophoretic field in channel 30 1 when sub- 
jected to a direct voltage. The drift rate of the molecules in 
the electrophoretic field is a function of their molecular 
weight and charge. In the wider sections of channel 30' the 
drift rate of the larger molecules is less, so that in the 
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course of the separation at first the small molecules and later 
the large molecules arrive at the end of the separation path. 
The electrophoretic separation in fluidic microsystems does 
have the advantage that the use of a separation gel as in mac- 
5 roscopic electrophoresis can be eliminated. However, the 
principle shown in figure 10B has the disadvantage that a 
separate microsystem with adapted geometric parameters must be 
provided for each separation task and in particular for each 
particle type. It is also disadvantageous that the separation 
10 takes place in the liquid at rest because this is associated 

with a great amount of time involved and with additional meas- 
ures for adaptation to continuous systems . 

The above-cited separation principles are also mentioned in WO 
15 98/10267. Charged particles are drawn, e.g., electrophoreti- 
cally from a specimen into a buffer solution flowing in paral- 
lel in the channel of a fluidic microsystem. This technique is 
limited to specimens with certain properties of the specimen 
components. Furthermore, it is disadvantageous since the par- 
20 tides can be drawn electrophoretically onto the channel walls, 
which is undesirable, especially in the case of biological ma- 
terial, e.g., cells. 

The electrophoretic deflection of particles is also described 
25 in DE 41 27 405. Particles are moved in a resting liquid under 
the action of electrical traveling waves. When they pass elec- 
trophoresis electrodes during the movement, a separation takes 
place in accordance with the electrical properties of the par- 
ticles. The same disadvantages result as in above-cited WO 
30 98/10267. 

The combining of dielectrophoretic and electrophoretic field 
effects in the manipulation of particles in fluidic microsys- 
tems is also known. According to DE 195 00 683 particles sus- 
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pended in liquid are held in an electrode arrangement that 
forms a closed field cage (potential well) when loaded with 
high-frequency alternating voltages by negative dielectrophore- 
sis. In order to correct variations in position caused by 
5 thermal conditions, particles in the field cage are addition- 
ally shifted electrophoretically . The electrophoretic shifting 
takes place within the framework of a control circuit in accor- 
dance with the positional variations of the particle, that are 
determined, e.g., optically. The technology described in DE 

10 195 00 683 is not suitable for particle separation since it 
constitutes a closed, stationary measuring system. Further- 
more, the combination of dielectrophoresis and electrophoresis 
on the closed field cage is limited to relatively large indi- 
vidual particles. Disadvantages can result during the measur- 

15 ing, e.g., of macromolecules since in their case the action of 
negative dielectrophoresis is distinctly less than that of 
electrophoresis, so that an undesired accumulation of macro- 
molecules on the electrodes can occur. Particle groups cannot 
be measured with this technique since all particles require 

20 their own correction movement. A separation of particles would 
also be rendered more difficult by a dipole-dipole effect (see 
T. Schnelle et al. in "Naturwissenschaf ten" , vol. 83, 1996, pp. 
172-176), which furthers an aggregation of particles. 

25 DE 198 59 459 also teaches the combination of alternating and 

direct voltages in fluidic microsystems for the targeted fusion 
or poration of cells. The action of direct voltage on the fu- 
sion or poration is limited in this technique and a particle 
separation is not provided. 

30 

The publication of S. Fiedler et al . in "Anal. Chem.", vol. 67, 
1995, pp. 820-828 teaches generating temporary or local pH gra- 
dients that can be verified with fluorescent dyes by an option- 
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ally pulsed direct voltage control of microelectrodes in aque- , 
ous electrolyte solutions. 

There is not only an interest in a separation of particle mix- 
5 tures according to geometric (size, shape) or electrical prop- 
erties (permittivity, conductivity) for pharmacological, ana- 
lytical and biotechnological research but also according to 
other parameters such as, e.g., surface charges or charge- 
volume ratios. The occurrence of surface charges is described, 
10 e.g., by N. Arnold et al. in "J. Phys . Chem.", vol. 91, 1987, 
pp. 5093-5098; L. Gorre-Talini et al. in "Phys. Rev. E" vol. 
56, 1997, pp. 2025-2034; and Maier et al. in "Biophysical J." 
vol. 73, 1997, pp. 1617-1626. 

15 The object of the invention is to provide improved methods for 
the separation of particles in liquid flows in fluidic micro- 
systems with which the disadvantages of conventional techniques 
are avoided. Methods in accordance with the invention should 
be characterized in particular by an expanded area of applica- 

20 tion for a plurality of different particles and by increased 
reliability in particle separation. The object of the inven- 
tion is also to provide improved microsystems for the implemen- 
tation of such processes, in particular improved microfluidic 
separating devices characterized by a simplified construction, 

25 great reliability, simplified control and a broad area of ap- 
plication for different types of particles. 

The objects are solved by methods and devices with the features 
of Claims 1 and 21. Advantageous embodiments and applications 
30 of the invention result from the dependent claims. 

The present invention is based as concerns its methods and de- 
vices on the general technical teaching of shifting at least 
one particle suspended in a liquid by a combined exertion of 

5 
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separating forces comprising on the one hand focusing dielec- 
trophoretic separating forces and on the other hand deflecting 
separating forces such as, e.g., electrophoret ic separating 
forces in a state of a continuous flux within the liquid, that 
is, relative to the flowing liquid. The at least one particle 
can be guided in into a certain flow range during its passage 
past at least one separating device in the fluidic microsystem 
in accordance with its geometric, electrical, magnetic proper- 
ties or properties derived from them. Depending on the align- 
ment of the deflecting separating forces (direction of deflec- 
tion) relative to the direction of movement of the liquid (di- 
rection of flow) , the flow range can comprise a certain flow 
path within the cross section of the flow of the liquid or can 
comprise a flow section that is in the front or in the back in 
the direction of flow. 

The movement of the particle into a certain flow range makes a 
separation of particle mixtures possible during the continuous 
flow of the particle suspension, e.g., through a group of sev- 
20 eral electrodes. The separating effect is based on the spe- 
cific reaction of different particles to the different deflect- 
ing and focusing field effects. In contrast to the separation 
on field barriers, a separating path can be traversed, which 
can increase the reliability of the targeted movement of indi- 
25 vidual particles, e.g., onto certain, preferably two flow 

paths. The effect of the electrical fields can be coordinated 
by adjusting the field properties (especially frequency, volt- 
age amplitudes, cycle, etc.) to the parameters of the particles 
to be separated. The invention makes possible a simplified 
30 construction of the electrophoretic separating device since no 
gels for embedding electrophoresis electrodes or any special 
channel shapes are required. Furthermore, a formation of gas 
can be avoided by suitably controlling the electrodes in combi- 
nation with the permanent flow. Furthermore, the invention has 
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advantages, especially with regard to the reliability and sepa- 
rating sharpness in the separation of particles into different 
flow paths and has a high degree of effectiveness and a high 
throughput of the separation. 

5 

According to the invention a separation of particles in a com- 
partment, especially a channel of a fluidic microsystem, 
through which particles flow in a suspended state, whereby at 
least a part of the particles or particles of at least one type 

10 are moved under the effect of a deflecting potential out of the 
specimen to be separated in a predetermined direction of de- 
flection (first reference direction, e.g., to the edge of the 
compartment) is further developed in such a manner that an op- 
posite movement of the particles (second reference direction, 

15 e.g., away from the walls or as a collection in the middle of 
the channel) takes place simultaneously or temporarily and/or 
in a spatially alternating manner under the effect of an oppo- 
site potential by means of dielectrophoresis , especially nega- 
tive or positive dielectrophoresis. Particles with different 

20 electrical, magnetic or geometrical properties advantageously 
experience the effects of potential as separating forces in 
different ways so that different effective forces (potential 
minima) form as a result of the combined exertion of poten- 
tials, to which the particles migrate. The potential minima 

25 are, e.g., spaced in the cross section of flow of the liquid so 
that a separation in the flow onto different flow paths is pos- 
sible. The focusing, dielectrophoretically acting potential is 
preferably formed in such a manner that it acts towards the 
channel middle. If the electrodes are arranged substantially in 

30 a circular line in the channel cross section the focusing po- 
tential can advantageously be formed in a radially symmetrical 
manner relative to the direction of flow. 
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The particles preferably separated from each other with the 
technology in accordance with the invention generally comprise 
colloidal or individual particles with a diameter of, e.g., 
1 nm to 100 um. Synthetic particles (e.g., latex beads, super- 
5 paramagnetic particles, vesicles), biological particles (e.g., 
cell groups, cell components, cellular fragments, organelles, 
viruses) and/or hybrid particles constructed from synthetic and 
biological, different synthetic or different biological parti- 
cles can be subjected to the separating processes of the inven- 
10 tion. 

The electrophoretic mobility u (v = u * E) for cells is advanta- 
geously a function not only of the composition of the external 
medium, that is, of the suspension liquid (especially conduc- 

15 tivity, ion composition, e.g., Ca 2+ content and pH value) but 
also of the cell type, so that different cell types within a 
cell group or different subtypes within a cell group of the 
same cell types (e.g., macrophages, T lymphocytes, B lympho- 
cytes) can be distinguished with the technique of the inven- 

20 tion. The distinguishing of the subtypes represents a special 
advantage of the invention since they can be distinguished only 
poorly with conventional dielectrophoretic separation proc- 
esses. The sharpness of separation, especially for cells of 
the same type, is increased by the combination of a dielectro- 

25 phoretic focusing in accordance with the invention. 

If the particles to be separated comprise a mixture of biologi- 
cal cells and cell components such as, e.g., cell fragments, 
the separation process can be advantageously used for purifying 
30 a suspension specimen with suspended biological material. The 
material, that is inhomogeneously composed, e.g., after a cul- 
tivation and comprises, e.g., complete cells, dead cells, live 
cells or fragments of cells such as, e.g., organelles, cellular 
remnants or protein clumps, can be purified with the process of 
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the invention. The unciesired cell fragments can be removed 
from the microsystem via certain flow paths. A disadvantageous 
influence on following structural elements in the microsystem 
such as, e.g., a clogging of channels by cell components can be 
5 avoided. 

The deflecting potential can advantageously be generated by 
electrical, magnetic, optical, thermal and/or mechanical forces 
and thus be adapted to very different applications and particle 

10 types. Mechanical forces comprise, e.g., forces transmitted by 
sound, additional flows or mass inertia. The deflecting poten- 
tial can be created in particular by a gravitational field 
whereby according to the invention the movement of the parti- 
cles and the focusing potential (through high-frequency elec- 

15 trical fields) is superposed by a sedimentation movement of the 
particles . 

If, in accordance with a preferred embodiment of the invention, 
the deflecting separation forces comprise electrical forces un- 

20 der whose action the particles are drawn by electrophoresis out 
of the liquid to its edge, this can result in advantages for 
the result of separation. The combination of electrophoresis 
and dielectrophoresis for particle separation can have advan- 
tages in particular in the separation of biological materials 

25 that react very differently to electrophoresis and dielectro- 
phoresis, e.g., as a function of the material or particle size, 
and therefore can be separated with a high degree of sharpness 
of separation. 

30 The direct voltage fields for the electrophoretic particle 

movement in accordance with another embodiment of the invention 
can be advantageously and additionally used for an electrical 
treatment of the particles. It is known that biological cells 
can be lysed in static electrical fields. The lysis comprises 
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an electrically induced change, e.g., destruction of the cells. 
The lysis serves, e.g., to prepare cellular material for PCR 
processes. Since the action of the lysis is heavily dependent 
on the field strength, an especially preferred embodiment of 
5 the invention provides that certain cells are deflected from a 
cell mixture by electrophoresis into a flow area close to the 
electrodes where the field strength is greater on account of 
the lesser interval from the electrodes and therefore the lysis 
takes place at the same time as the process of particle separa- 
10 tion. 

Furthermore, the sharpness of separation can be flexibly ad- 
justed by a suitable alternating voltage control. The dielec- 
tric potential can be shaped in different manners by altering 
15 the phase position of fields, given negative dielectrophoresis . 
In addition, pH profiles can be imposed by regulating the di- 
rect voltage which influence the electrophoretically or dielec- 
trophoretically active potential. 

20 In the combination in accordance with the invention of electro- 
phoresis and dielectrophoresis the separation devices for gen- 
erating the opposite potentials can advantageously be formed by 
a common unit. The separation device comprises electrodes ar- 
ranged on the channel walls and loaded by electrical fields for 

25 generating the dielectrophoresis and the electrophoresis. Ad- 
vantages for the control of the separation can result in par- 
ticular if the electrical fields comprise high-frequency alter- 
nating voltage components and direct voltage components that 
are produced simultaneously or alternately. 

30 

According to a modified variant of the invention the deflecting 
separation forces can comprise electrical forces that are gen- 
erated like the focusing potential by high-frequency electrical 
fields. The deflection can therefore likewise be produced by 
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suitably formed dielectrophoretic forces in that high-frequency 
electrical signals, e.g., sinusoidal signals or square-wave 
signals are superposed by suitable frequency components. 

5 According to a preferred embodiment of the invention the de- 
flecting and focusing potentials can be formed alternating in 
time in at least one channel section. In the time average ef- 
fectively one potential corresponding to the superpositioning 
of both potentials acts on the particles. This can advanta- 
10 geously simplify the control of the at least one separation de- 
vice . 

According to another preferred embodiment of the invention the 
two potentials can be alternately generated in different suc- 
15 cessive sections of the channel. This can advantageously sim- 
plify the design of the microsystem. 

It can be particularly advantageous for obtaining the separa- 
tion result if the flow paths empty into other separated cora- 

20 partments of the microsystem. When the separated fractions 

have flowed into the subsequent compartments a subsequent thor- 
ough mixing is excluded. This separation of the fractions can 
be particularly effective if the compartments are separated 
from each other by channel walls or by electrical field barri- 

25 ers. 

Another embodiment of the invention can provide that another 
separation in accordance with the principle of the invention, 
e.g., a combined using of electrophoretic and dielectrophoretic 
30 field effects takes place in the compartments. This can 

achieve advantageous hierarchal separation principles with a 
separation into coarse fractions and subsequently into fine 
fractions. However, the sequence of several separating events 
in the manner of a cascade into different fractions is not 
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obligatory bound to the making available of the separate com- 
partments. On the contrary, the realizing of the separation 
cascade with flow paths in a common, sufficiently wide channel 
of the microsystem is possible. 

5 

According to a variation of the invention the flow in the mi- 
crosystem can be guided in such a manner that particles multi- 
ply run through a separation stage so that the separation re- 
sult can be improved even more in an advantageous manner. 

10 

Other advantages of the invention can result if after the sepa- 
ration (deflection into different flow areas) a detection takes 
place in the flow areas for checking the separation result. 
The detection comprises, e.g., a known optical measurement 
15 (fluorescence measuring or transmitted-light measuring) or a 
known impedance measurement. 

The control parameters of the deflecting and focusing poten- 
tials can be advantageously adjusted in such a manner as a 
20 function of the measured result, e.g., as a function of the 

separation quality or of occurring erroneous separations that 
the action of separation is improved. 

The effectiveness of the separation of the invention can be ad- 
25 vantageously increased if the particles first pass a dielectro- 
phoretic or hydrodynamic arranging element. Individual parti- 
cles or a group of particles are arranged on this element on a 
certain flow path on which they pass by the separation devices, 
e.g., the electrodes for performing the dielectrophoresis and 
30 the electrophoresis. 

If, according to another variant of the invention, a pH gradi- 
ent is produced in the channel of the microsystem in which the 
particle separation takes place, this can result in advantages 
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for the action of separation. The effect of the deflecting po- 
tential such as, e.g., the electrophoretic cell particle move- 
ment becomes site-dependent by the pH gradient. This makes 
possible a particle deflection into different flow paths as a 
5 function of the particle position along the direction of flow 
through the channel. An especially simple design of the micro- 
system results in an advantageous manner if the pH gradient is 
produced electrochemically using the electrodes that also are 
used to form the direct voltage field for the electrophoresis. 

10 

Another advantage of the invention is that the particle separa- 
tion can take place simultaneously in several spatial direc- 
tions. According to the invention several deflecting poten- 
tials with different acting directions can be produced with the 
15 focusing potential that is then preferably formed acting to- 
wards the middle of the channel in order to separate the parti- 
cles to be separated simultaneously relative to different fea- 
tures such as, e.g., electrical and magnetic properties. 

20 Further subject matter of the invention is constituted by a 
fluidic microsystem arranged to carry out the methods of the 
invention and comprising in particular at least one separation 
device for exerting focusing dielectrophoretic separating 
forces and deflecting separating forces. A fluidic microsystem 

25 with at least one compartment, e.g., a channel for receiving a 
flowing liquid with suspended particles and with a first sepa- 
ration device for generating a deflecting potential that draws 
the particles into the first reference direction, e.g., from 
the middle of the flow, is provided in particular with a second 

30 separation device arranged in such a manner as to generate at 
least one focusing, opposite potential. Under the effect of 
high-frequency electrical fields the particles are repulsed 
with the second separation device by dielectrophoresis from the 
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side walls of the channel and/or from electrodes arranged on 
them or from other parts of separation devices. 

According to a preferred embodiment of the invention the first 
5 separation device is arranged for generating electrical, mag- 
netic, optical and/or mechanical forces. It comprises, e.g., 
an electrode device with electrodes or electrode sections and 
forms a common deflection unit in this instance with the second 
separation device. Alternatively, the first separation device 
10 comprises a magnetic field device, a laser or an ultrasound 
source. These components are combined for the first time in 
accordance with the invention for the separation of flowing 
particles with a dielectrophoretic manipulation. 

15 If the separation devices form a common deflection unit, a sim- 
plified design of the microsystems results in an advantageous 
manner. The deflection unit preferably comprises electrodes 
constructed like known microelectrodes in fluidic microsystems. 
The electrodes can be controlled in a manner alternating in 

2 0 time. 



The electrodes for the combined dielectrophoresis and electro- 
phoresis are preferably arranged on inner sides of the walls of 
the compartment. Advantages can result in this design regard- 
25 ing the effectiveness of the field effect. 



Since the separation devices can act at the same time or alter- 
nating in time and/or in space so that particles are guided ac- 
cording to the effective potentials acting in the time means 
30 onto different flow paths, it is advantageously possible that 
the first and the second separation devices are arranged sepa- 
rately in different successive sections of the compartment. 
The separation devices comprise, e.g., electrode sections that 
can be controlled for dielectrophoresis or dielectrophoresis. 
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Other details and advantages of the invention are described in 
the following with reference made to the attached drawings. 

5 Figure 1 shows a schematic top view onto a first embodiment of 
a microsystem (section) in accordance with the invention, 

Figure 2 shows a cross-sectional view of the microsystem in ac- 
cordance with figure 1 along line II-II, 

10 

Figure 3 shows a cross-sectional view of the microsystem with 
schematically illustrated potential conditions, 

Figures 4 to 7 show schematic top views onto other embodiments 
15 of microsystems (section) in accordance with the invention, 

Figure 8 shows a schematic cross-sectional view of an electrode 
arrangement for illustrating an embodiment of the invention in 
which several deflecting potentials are generated, 

20 

Figure 9 shows a representation of curves for explaining the 
generation of a deflecting potential by the superposing of di- 
electrophoretic forces , 

25 Figures 10A, B show schematic illustrations of conventional mi- 
crosystems with a dielectrophoretic (a) and an electrophoretic 
(B) separation. 

The invention is described in the following with reference made 
30 to the separation of particles in the channel of a fluidic mi- 
crosystem. Fluidic microsystems are known and are therefore 
not described with more details. The implementation of the in- 
vention is not limited to the channel structures illustrated, 
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e.g., in chip structures or in hollow fibers but can also be 
realized in general in differently shaped compartments. 

The combination in accordance with the invention of focusing 
5 and deflecting forces, whose superpositioning results for the 
particles to be separated in accordance with particle proper- 
ties in different equilibrium states (flow paths or flow sec- 
tions) in the liquid flow, with two separating devices or one 
separation device acting in a combined manner is described with 

10 reference made to the preferred exemplary embodiment of a com- 
bination of dielectrophoresis and electrophoresis. If the de- 
flecting force has at least one vector component in a reference 
direction (deflection direction) vertical to the direction of 
the movement of the liquid in the channel, the dielectrophore- 

15 sis acts from the walls of the channel into the interior of the 
cross section of flow of the flowing liquid in a focusing man- 
ner while the electrophoresis acts guiding in the inverse man- 
ner toward the outer wall of the flow profile, especially to- 
ward electrodes on the walls. Other deflecting forces can be 

20 used in analogy with the principles explained in the following. 
On the other hand, if the deflecting force runs parallel to the 
direction of the liquid flow the dielectrophoresis acts in a 
focusing manner along the liquid flow whereby the particles in 
the electrophoretic field are moved at different speeds by a 

25 modulation of the dielectrophoretic action. 

Figures 1 and 2 show sections of fluidic microsystem 100 in ac- 
cordance with the invention in an enlarged schematic top view 
and a cross-sectional view. Microsystem 100 comprises a chan- 
30 nel 30 delimited by lateral channel walls 31, 32, channel bot- 
tom 33 (top view in figure 1) and cover area 34. Electrodes 40 
are formed on channel bottom 33 and cover area 34 as a separa- 
tion device. Furthermore, funnel electrodes 51, 52 of a di- 
electric arranging element 50 are provided. The design of mi- 
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crosystem 100 and the formation of the electrodes as well as 
their electrical connection are known from microsystem technol- 
ogy. The channel has a width, e.g., of around 400 pm and a 
height of around 40 pm (these ratios are not represented to 
5 scale in the figures) . The lateral electrode interval in the 
planes of channel bottom 33 and cover area 34 is, e.g., 70 pm 
whereas the vertical interval of the electrodes opposing each 
other is around 4 0 jam in accordance with the channel height. 

10 Electrodes 40 comprise straight electrode strips extending in 
the longitudinal direction of channel 30, that is, in the di- 
rection of flow through the channel. Electrodes 40 are subdi- 
vided into individual electrode segments 41, 42,... . Each 
group of electrode segments forms an electrode section that can 

15 be separately controlled. Each segment has a width of around 
50 pm and a length of, e.g., 1000 jam in the direction of flow. 
Each electrode section is connected to a control device 70 
(shown here only for electrodes 41, 42). 

20 Control device 70 is arranged in such a manner for loading 

electrodes 40 with voltages that the particles flowing by are 
exposed in one electrode section (e.g., 45-48, see figure 2) to 
a repulsion from the electrodes by negative dielectrophoresis 
and/or an electrophoret ic drift movement vertically to the di- 

25 rection of flow. The control device comprises alternating 

voltage generator 71 and/or direct voltage generator 72 that 
is/are connected to the electrodes. The alternating voltage 
generator 71 can be provided with an adjusting device with 
which the amplitudes of high-frequency alternating voltages on 

30 the electrodes can be adjusted. 

In order to carry out the method in accordance with the inven- 
tion, suspension liquid 10 (carrier liquid) flows with parti- 
cles 20 through channel 30. The flow rate of suspension liquid 
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10, that can be adjusted with an injection pump, is, e.g., 300 
jjm/s. An alignment of particles 20 with dielectrical arranged 
sequence element 50 preferably takes place at first. Funnel 
electrodes 51, 52 are operated, e.g., with a high-frequency al- 
5 ternating voltage (f = 2 MHz , U = 20 V pp ) in order to focus par- 
ticles 20 on flow path 11 in the middle of channel 30. Alter- 
natively, a hydrodynamic arranged sequence element can be pro- 
vided in which particles 20 are focused with additional sheat 
flows . 

10 

After the alignment of the particles they pass into the range 
of electrodes 40. These electrodes are controlled, e.g., in an 
alternating manner with an alternating voltage and a direct 
voltage with a clock frequency in a range of 1 to 10 Hz (alter- 

15 nating voltage: f = 2.5 MHz, U = 20 V pp , direct voltage: U = 50 
V, time t = 80 \is) . The smaller particles can be drawn within 
a few seconds by a few 10 jam out of original flow path 11 into 
adjacent flow path 12 (see figure 2) by adjusting the voltage- 
and frequency parameters of the high-frequency alternating 

20 voltage to the flow rate and setting the direct voltage parame- 
ters (impulse time, voltage and clock frequency) , whereas the 
coarser particles remain in original flow path 11. 

The potentials acting on the particles are schematically illus- 
25 trated in figure 3. A direct voltage field is generated for 
the electrophoresis that generates a potential PI falling 
transversely to the cross section of flow. Particles in poten- 
tial PI experience an outwardly directed force (deflecting po- 
tential, direction of deflection transversely to the direction 
30 of flow) . The high-frequency control of the electrodes gener- 
ates an opposite, inwardly directed, focusing potential course 
P2a or P2b. The negative dielectrophoresis is based on a par- 
ticle polarization that has a stronger effect on the large par- 
ticles then on the small particles. Therefore, in the high- 
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frequency field large particles 21 experience potential P2a and 
small particles 22 the flatter potential P2b. The superposi- 
tioning of the two instances with focusing potential PI results 
in effective potentials Pa, Pb in accordance with the solid 
5 lines. Whereas deep potential P2a is hardly changed by the 

electrophoresis, a shifting of the potential minimum out of the 
channel middle toward the outside results for flat potential 
P2b. The dielectrophoretic, focusing forces are so great for 
the large particles that they compensate the electrophoretic 

10 deflection whereas this is not the case for small particles 21. 
Separate flow paths 11, 12 are formed in a corresponding man- 
ner. Different flow rates can be present in flow paths 11, 12. 
Given a laminar flow in the channel, the flow rate in the vi- 
cinity of the channel wall is, e.g., less than in the middle of 

15 the channel. According to the invention particles with differ- 
ent properties can therefore be focused in areas with different, 
flow rates, which can improve the separation sharpness. 

Analogous effects result in the case of particles with differ- 
20 >ent relative permittivities or with different net charges, 
e.g., surface charges. 

The separation was demonstrated experimentally with a mixture 
of particles 20 comprising smaller particles 21 with a diameter 

25 of 1 pm ( " f luospheres f, -sulf ate microspheres, Molecular Probes) 
and larger particles 22 with a diameter of 4.5 jam (polybead 
polystyrene, 17135, Polysciences ) . Cytocon solution I (Evotec 
Technologies GmbH, Hamburg, Germany) was used as suspension 
liquid. Since the negative dielectrophoresis has a signifi- 

30 cantly weaker effect on the small particles than on the large 
particles, the small particles can be drawn out of middle flow 
path 11 by the electrophoretic force. 
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The electrode control takes place, e.g., in accordance with the 
following scheme: 
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5 Alternatively, the electrode control can take place, e.g., in 
accordance with the following scheme (rotating electrical 
field) : 
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10 

In order to illustrate the combination of the invention of di- 
electrophoresis with other deflecting forces, figure 1 sche- 
matically shows separation . device 40A (shown in dotted lines). 
Separation device 40A provided in or outside of the channel 
15 wall is, e.g., a magnetic device for exerting magnetic forces, 
a laser device for exerting optical forces analogously to the 
principle of a laser tweezer or a sound source for exerting me- 
chanical forces, e.g., by ultrasound. 

2 0 Figure 4 shows features of modified embodiments of the inven- 
tion. It can be provided, in distinction to figure 1, that 
even flow path 11 is shifted from the middle of channel 30 to 
the outside, in which the potential minimum of the dielectro- 
phoresis is shifted by an appropriate asymmetrical control of 

25 electrodes 40. Furthermore, it can be provided that flow paths 



20 



Att. Docket No. B1180/20044 

11, 12 empty into separate compartments 35, 36 of channel 30 
separated from one another by channel walls or (as illustrated) 
by an electrical field barrier. The electrical field barrier 
is generated by at least one barrier on electrode 60 extending 
5 in the direction of the channel. 

In the embodiment illustrated in figure 5 electrodes 41, 42 for 
the electrophoresis and centrally at least one electrode 43 for 
the dielectrophoresis are located in channel 30 laterally on 

10 channel walls 31, 32 and/or on bottom surface 33. Electrode 43 
is provided in a known manner with an electrically insulating 
passivation layer 43a. Passivation layer 43a has two func- 
tions. Firstly, it prevents a field loss of the direct current 
field for the electrophoresis and secondly it prevents a perma- 

15 nent accumulation and any associated denaturing of particles or 
electrochemical reactions on the electrodes. Electrodes 41, 42 
and 43 are each connected to a direct voltage source and to an 
alternating voltage source. 

20 The channel edge can optionally be realized by porous materials 
(e.g., hollow fibers). This makes it possible to impose addi- 
tional external chemical gradients (e.g., a pH profile). Fur- 
thermore, the at least one electrode 43 and electrodes 41, 42 
for the electrophoresis can be arranged staggered in the direc- 

25 tion of flow. 

For the particle separation washed-in microobjects (e.g., mac- 
romolecules) are drawn by positive dielectrophoresis to central 
electrode 43. Simultaneously or, given alternating control of 
30 the electrodes, the microobjects are drawn by electrophoresis 
to the edge of channel 30. The separation is based on the 
above-described principles of a differently strong effect of 
the combination of dielectrophoresis and electrophoresis on the 
different particles . 
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Alternatively, the following procedure can be realized with the 
arrangement according to figure 5. The particles are first 
collected by dielectrophoresis on central electrode 43. Lat- 
5 eral flow 10 through channel 30 is subsequently stopped and a 
separation of the microob j ects carried out via electrophoresis. 
After the electrophoretic separation into different flow paths 
flow 10 is continued. The significant advantage of the inter- 
ruption of the flow transport through the channel optionally 
10 provided during the electrophoresis is that an increased sharp- 
ness of separation of the electrophoresis can be achieved by 
the previously defined start conditions. 

If several, optionally passivated electrodes 43.1 to 43.5 are 

15 provided for the dielectrophoresis, the design shown in figure 
6 results. Channel 30 comprises electrodes 41, 42 for the 
electrophoresis arranged three-dimensionally on the side walls 
and comprises electrodes 43.1 to 43.5 on the bottom surface for 
the dielectrophoresis (electric feed lines not shown) . Dielec- 

20 trophoresis electrodes are located on the top surface (not 

shown) in the same number and arrangement as electrodes 43.1 to 
43.5. Electrodes 43.1 to 43.5 are loaded with signals that are 
out-of-phase by 180° between adjacent electrodes (e.g., 43.1, 
43.2) and are in-phase for superposed electrodes (e.g., 43.1 

25 and the opposite electrode on the top surface) . Particles 20 
washed in with flow 10 comprise, e.g., two types of which one 
type is not addressed by electrophoresis. Particles 20 are 
first ordered dielectrophoretically (negative dielectrophore- 
sis) in the intermediate area of the superposed electrodes 

30 (covered in the top view) . The particles of the one type are 
deflected with passing the electrophoretic field only whereas 
the other type remains uninfluenced. 
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In the embodiment according to figure 7 many optionally pas- 
sivated electrodes 43.1 to 43.11 for the dielectrophoresis are 
also arranged between electrodes 41, 42 for the electrophore- 
sis. Dielectrophoresis electrodes are present on the top sur- 
5 face (not shown) in the same number and arrangement as elec- 
trodes 43.1 to 43.11. The first dielectrophoresis electrode 
pair 43.1, 43.2 is provided with a dielectric sequencing ele- 
ment 50 for increasing the sharpness of separation. In dis- 
tinction to the above-described embodiments, in figure 7 the 
10 direct voltage electrophoretic field (direction of deflection) 
is aligned parallel to the direction of flow of liquid 10 (see 
arrow) through compartment 30. 

During the control of the dielectrophoretic electrode array 

15 with 180° phase shift between adjacent and opposite electrodes 
or with 90° phase shift particles 20 are ordered between the 
electrodes (negative dielectrophoresis) . The dielectrophoresis 
electrodes form a periodic, modulated potential (typically 
asymmetric) on which the electrophoretic potential between 

20 electrodes 41, 42 is superposed. The asymmetric modulation of 
the dielectrophoretic fields means that greater or lesser field 
strengths are alternately set between adjacent electrodes 
strips of array 43.1 to 43.11. The electrophoretic potential 
between electrodes 41, 42 is not maintained constant in time 

25 but rather switched periodically or randomly. This allows a 
highly sensitive separation to be realized in accordance with 
the principle of the so-called Brownian ratchet (or agitating 
ratchet, see H. Linke et al., "Physikalische Blatter", vol. 56, 
No. 5, 2000, pp. 45-47) . In the Brownian ratchet the travel 

30 rate of particles due to Brownian movement is heavily dependent 
on the particle size. The separation takes place in different 
flow sections in the direction of flow in accordance with the 
different travel rates of the particles. This procedure has 
the special advantage that the separation can be controlled in 
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a sensitive manner via several adjustable parameters by the su- 
perpositioning of the Brownian movement, the electrophoresis 
and the dielectrophoresis. This embodiment of the invention is 
especially suitable for the separation of molecules (e.g., se- 
5 quence of DNA molecules or DNA fragments, that are all nega- 
tively charged in a physiological environment) . 

In a mixed population of differing charges (+/-) the entrance 
channel with sequencing element 50 should be located centrally 

10 relative to the array of the dielectrophoresis electrodes in 

order that objects with different charges are moved in electro- 
phoretically different directions. In planar structures asym- 
metric potentials for positive dielectrophoresis can also be 
realized, e.g., by applying passivation layers that are asym- 

15 metric, that is, e.g., with different thicknesses relative to 
the longitudinal direction of the channel. 

Figure 8 illustrates, like figure 2, a cross sectional view of 
a fluidic microsystem 100 with four electrodes 45-48. A focus- 

20 ing potential is generated with these electrodes whose poten- 
tial minimum is located in the channel middle. At the same 
time, analogously to figure 3, a first electrical potential 
acting in the x-direction for an electrophoret ical field effect 
is generated and in addition a magnetic field gradient in the 

25 y-direction for forming a second, deflecting potential. The 
magnetic field gradient is formed with element 4 9 that gener- 
ates a magnetic field and comprises, e.g., a permanent magnet 
that is isolated from the liquid and through which current 
flows. In distinction to the embodiment shown, the element 

30 generating a magnetic field can be arranged at a distance from 
the channel . 

While the particles are moving in the z-direction through the 
channel they experience a deflection in both spatial directions 
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x and y, whose strength is a function of the dielectrical and 
magnetic properties of the particles to be separated. This em- 
bodiment of the invention is used, e.g., to separate latex- 
encased, superparamagnetic particles in order to obtain frac- 
5 tions with a high monodispersability . 

The representation of curves shown in figure 9 illustrates the 
dielectrophoretic force f d iei* standardized to the particular 
volume, that acts on a particle in the alternating field as a 

10 function of the frequency of the alternating field. The simu- 
lation results are relative to latex beads with diameters of 
0.5 yim, 1 jjm, 2 pm and 5 pm (curves from the top) with a con- 
ductivity of 0.7 mS/m and permittivity = 3.5 in water. The 
symbolically illustrated electrodes are arranged in analogy 

15 with figure 1 and are loaded alternately or in a superposed 
manner with a signal containing frequency portions below 100 
kHz and above 1 MHz. The low-frequency and higher- frequency 
signal portions are generated, e.g., with amplitudes that are 
the same in their temporal root mean square but with different 

20 phase relationships illustrated in the image inserts. The 

higher-frequency signal focuses the particles by negative di~ 
electrophoresis toward the channel middle. In contrast 
thereto, the low-frequency signal acts as a function of the 
particle size by positive or negative dielectrophoresis that is 

25 superposed on the focusing action of the higher-frequency sig- 
nal. The smaller particles are deflected upward to the left as 
a result, whereas the larger particles (e.g., 5 pm) collect on 
a diagonal line of the bottom right. Accordingly, particles 
with different sizes pass in different flow paths within the 

30 flow through the channel. 
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The features of the invention disclosed in the previous speci- 
fication, the drawings and the claims can be significant indi- 
vidually as well as in combination for the realization of the 
invention in its various embodiments . 
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